In investigations of Ce 3+ -doped Cs 2 LiLa(Br 6 ) 90% (Cl 6 ) 10% (CLLBC) elpasolite crystals, the crystals show an excellent neutron and gamma (n/γ) radiation response. The results of our studies on the scintillation properties of CLLBC viz. radioluminescence, energy resolution, light yield, decay times, and nonproportionality are discussed. The CLLBC detector can provide energy resolution as good as 4.1% at 662 keV (FWHM), which is better than that of NaI:Tl. Because the crystal contains 6 Li, CLLBC can also detect thermal neutrons. In the energy spectra, the full energy thermal neutron peak appears near or above 3 MeV gamma equivalent energy. This high-energy signature for the thermal neutron peak means that very effective pulse height discrimination is possible. Unfortunately, because the core-to-valence luminescence observed in other elpasolites that can be exploited for effective pulse shape discrimination (PSD) is not observed in the CLLBC, other strategies for obtaining the PSD of CLLBC are needed. The n/γ discrimination capability of CLLBC detectors may be optimized by tuning the cerium doping content for maximum effect on n/γ pulse shape differences. The value of adding a chlorine component to the nominal CLLB crystal is discussed. Because the crystal contains chlorine, its sensitivity to fast neutrons is better than that of Cs 2 LiLaBr 6 (CLLB). Further, an array of three of these CLLBC detectors may be able to perform directional detection in both the neutron and gamma channels simultaneously.
INTRODUCTION
Some applications, particularly in homeland security, require detection of both neutron and gamma (n/γ) radiation. Interestingly, the wavelength of thermal neutrons is comparable to atomic distances in the solid state and their energy comparable with that of phonons. This makes thermal neutron scattering a powerful technique to probe condensed matter. 1, 2 In addition, the neutron magnetic moment enables the study of the magnetic structure and dynamics. Bright neutron sources are available at, for example, the Oak Ridge National Laboratory Spallation Neutron Source/High Flux Isotope Reactor (USA), the Japan Proton Accelerator Research Complex Japan Spallation Neutron Source (Japan), the Institut Laue-Langevin high flux reactor (France), and the Rutherford Appleton Laboratory ISIS pulsed neutron and muon source (UK), so there is a continuing need for efficient and fast large area neutron detectors. It is also important to discriminate thermal neutrons from γ rays that are often present together with the neutron beam. 2, 3 Space applications, 4 non-destructive assay work, 5, 6 and active interrogation 7, 8 would benefit from a detector with n/γ discrimination as well.
Whenever detection of both neutron and γ radiation is useful, a combination of two detectors registering neutrons and gammas separately is typically used. Recently, a number of scintillators from the elpasolite crystal family were proposed that provide detection of both types of radiation. The most promising are elpasolites such as Cs 2 LiYCl 6 (CLYC), Cs 2 LiLaCl 6 (CLLC), Cs 2 LiLaBr 6 (CLLB), or Cs 2 LiYBr 6 (CLYB) that are doped with cerium (Ce  3+ ) . 2, 9, 10 They are capable of providing very high energy resolution. The best values achieved for each material are 3.9%, 3.4%, 2.9%, and 8.5% at 662 keV (FWHM), respectively. Because 6 Li has an acceptable cross-section for thermal neutron capture, these materials also detect thermal neutrons. In the energy spectra, the full energy thermal neutron peak typically appears above 3 MeV gamma equivalent energy (GEE n ). Thus, very effective pulse height discrimination (PHD) can be implemented with these materials. The CLLC and CLYC emissions consist of two main components: core-to-valence luminescence (CVL; 220 nm to 320 nm) and Ce emission (350 to 500 nm). The former is of particular interest as it appears only under γ excitation. It is also very fast and decays with less than 2 ns time constant. The CVL provides a significant difference to temporal responses under γ and neutron excitation; thus, it may be used for effective pulse shape discrimination (PSD). 2, 9, 10 The emission spectra for the CLLB crystal show two peaks at 392 nm and 419 nm. 
BACKGROUND
It has been demonstrated that both CLYC and CLYC:Ce 3+ 0.5% exhibit CVL under γ irradiation. 12, 9 This luminescence consists of a very fast (~2 ns decay time) luminescence produced by the radiative recombination of a valence electron with an outermost core hole. 12 The compounds CLYC:Ce 3+ and CLYB:Ce 3+ contain 6 Li isotopes with 7.5% natural abundance that capture thermal neutrons and convert them into ionizing particles according to the reaction 
where the reaction products ionize the material and are then detectable. The α particle and triton share a kinetic energy of 4.78 MeV. The particles create ionization tracks, and subsequent trapping of the free charges in the luminescence center Ce 3+ leads to a scintillation light pulse. Approximately 22%, 18%, and 60% of the captured thermal neutrons are captured by 6 Li, 133 Cs, and 35, 37 C1 in CLLC:Ce 3+ . The numbers are 40%, 34%, and 26% for 6 0.5% crystal was grown using the melt-based, vertical Bridgman method. The first grown crystal of CLLBC:Ce is 12 mm × 18 mm × 3 mm. This material has a cubic structure and, therefore, can potentially be grown in large sizes. Its scintillation properties have been studied under γ and neutron irradiation. The presence of 6 Li and 35 Cl in CLLBC:Ce allows for thermal and fast neutron detection, respectively. CLLBC's response to fast neutrons via 35 Cl(n,p) 35 S reaction was tested using 241 AmBe, 252 Cf, and 239 Pu sources. The differences in the decay times of neutrons and gammas allowed PSD to differentiate between the two types of radiation. A fast neutron peak was identified. Shirwadkar observed for the CS 2 LiLaBr 6−x CI x :Ce 2% that the neutron peak centroid was observed to move linearly with neutron beam energy. 19 The material also shows an excellent response to γ-ray irradiation, with γ-ray energy resolution of ~3.0 % at 662 keV, and light output of 40,000 photons/MeV. These properties make CS 2 LiLaBr 6−x CI x :Ce an excellent candidate for combined γ-ray and neutron (thermal and fast) spectroscopy. 19 In this paper the scintillation properties of CLLBC:Ce 3+ 0.5% are examined. If pulse shape differences depending on the type of radiation are observed in CLLBC:Ce 3+ 0.5% , this material could be used with a PSD technique 12, 16 to distinguish neutrons from γ rays. An optimal Ce 3+ concentration was selected in the aim of obtaining n/γ discrimination. 
EXPERIMENTAL APPROACH
A 1″ × 1″ CLYC:Ce 3+ 0.5% and a 12 mm × 18 mm × 3 mm CLLBC:Ce 3+ 0.5% sample with calculated densities of, respectively, 3.31 and 4.13 g/cm 3 were grown as single crystals by the vertical Bridgman technique. 2, 9 The Ce 3+ doping concentration was 0.5%. CLLBC:Ce 3+ 0.5% has a cubic elpasolite structure and crystallizes in the space group Fm_3 m. Both crystals contain natural Li. They contain a natural abundance (7.5%) of 6 Li isotopes. The compounds are hygroscopic, and all experiments were performed on samples with approximate size of 12 mm × 18 mm × 3 mm and sealed in a metal housing with one optical window. For measuring γ ray and thermal neutron scintillation pulse height spectra, the crystals were mounted on a 2″ super bialkali PMT RS-6231-100 photomultiplier tube. Coupling fluid and Teflon tape was used to optimize light collection. Because both the CLYC:Ce Pu sources. The spectra were measured using standard techniques with 4 μs shaping time, and the numbers for the absolute scintillation light yield were obtained from the single photo-electron response. 2, 20 See Figure 1 for the detector configuration for the 
CLYC Detector
A high-quality 1″ × 1″ CLYC crystal was doped with a 0.5% Ce 3+ concentration and prepared for evaluation. The crystal was mounted to a 2-inch PMT, and the detector package was hermetically sealed because the crystal is hydroscopic. Improved performance was achieved with the super bialkali PMT. The CLYC scintillator/PMT system achieved at least the 8% energy resolution at 662 keV, the 20,000 ph/MeV for gammas, and the 70,000 photons per neutron (ph/n), which all were reported by Bessiere. 5 It achieved better than the 1-to-1000 n/γ energy discrimination reported earlier. 
CLLBC Detector
A high-quality 12 × 18 × 3 mm 3 hybrid elpasolite CLLBC crystal composed of cesium, lithium, lanthanum, bromine, and chlorine was prepared for evaluation. The CLLBC material detects γ photons and neutrons. Two neutron interactions exist: one with the 6 Li atom (thermal neutrons) and a second with the chlorine atom (fast neutrons). The crystal was mounted to a 2-inch PMT, and the detector package was hermetically sealed. Again, the super bialkali PMT was used. The CLLBC scintillator-PMT system was expected to achieve at least the 3% energy resolution at 662 keV and the 180,000 ph/n, and 50,000 ph/MeV for gammas, which all were reported by Shah, 2 as well as at least a 1-to-10 n/γ energy discrimination.
We report on the scintillation response of CLYC:Ce From Figure 2 , one sees that at 10 MeV, the neutron total cross section for Cl is over twice that of either 3 He or 4 He and is higher than that of either 6 Li or 10 B. At higher neutron energies, this difference only grows in favor of Cl. Even though 3 He and 10 B have a much higher neutron total cross section, by several times, for low-energy slow thermal neutrons (which is why they are used so often), Cl actually is more effective at absorbing neutrons at extremely fast energies (i.e., at 10 MeV and above).
CLYC:Ce has been demonstrated to be sensitive to thermal neutrons via the 6 Li(n, α)t reaction, and recently to fast neutrons via the 35 Cl(n,p) reaction. 19, 22 In Figure 3 we show a similar behavior is exhibited by the 1 cc CLLBC:Ce 3+ 0.5%
sample.
In Figure 4 we demonstrate the importance of selecting the shaping time, shown here for CLYC:Ce Pu energy spectra for a shaping time of 4 μs for comparison to CLYC (left) and CLLBC (right). Typically, the 1 cc CLLBC:Ce 3+ 0.5% sample usually presents a superior energy resolution. In Figure 6 we present additional spectra for the 1 cc CLLBC:Ce 3+ 0.5% sample. The energy resolutions recorded are compared in Figure 7 for this detector to that which we found with our 1″ × 1″ CLYC:Ce 2 However, excellent PSD is still possible for CLLBC:Ce 3+ 0.5% based on the lifetime of the pulse decay. The γ pulse has a short component of 55 ns decay time and a long-lived component of 160 ns. The neutron pulse was determined by our team to have a decay time of 300 ns, hence distinguishing the neutron pulse from the γ-ray pulse. Therefore, PSD is possible for CLLBC:Ce 3+ 0.5% . The rise time in the scintillation pulse and the presence of more than one decay time component indicates that different processes are involved in the excitation of Ce 3+ . 2, 11 One may expect that the light output and decay time may change with the Ce 3+ concentration, and the optimal concentration needs to be found.
For CLYC:Ce 3+ 0.5% , due to the presence of a 4 ns fast CVL, thermal neutrons and γ rays can also be discriminated by means of the shape of the scintillation pulse. The main part of the scintillation pulse in CLYC:Ce 25, 19 The compounds show high scintillation photon yields of 70,000 and 180,000 photons emitted per absorbed thermal neutron, respectively. 2, 23 We determined that events caused by primary electrons with energy below 3.0 and 3.4 MeV, respectively, could be separated from neutron-induced events by PHD. 0.5% . The 662 keV peak was used to calibrate the spectra in equivalent energy. For the calibration, we assumed that the response of the scintillator is linear with γ-ray energy. Pulses from the thermal neutrons appear in the thermal neutron peak above 3 MeV γ-equivalent energy as a consequence of energetic α's and tritons from the reaction in equation 1. In addition, (n,γ) reactions with cesium, chlorine, or bromine lead to the emission of γ rays. However, due to the low intensity and large escape probability from the crystals, there is a small detection probability and the Doppler-broadened 478 keV 6 Li(n,γ) 7 Li* peak is evident. However, other related neutron-capture photopeaks are not observed in the pulse height spectra of Figures 3 and 9 . One does observe a continuum background extending up to 2.7 MeV in Figure 1 and up to 2 MeV in Figure 2 that can be attributed to the β decay of 38 Cl and 80 Br isotopes with half-life times of 37 and 18 minutes, respectively. Compton scattered γ-rays possibly also contribute to these parts of the spectra. The scintillation photon yield Y obtained with γ rays, expressed as the number of photons emitted per MeV absorbed γ-ray energy (ph/MeV), and the yield per thermal neutron (ph/n) are compiled in Table 1 . CLLBC:Ce 3+ 0.5% shows larger pulse heights and photon yields than for CLYC:Ce 3+ 0.5% for both γ rays and thermal neutrons. The peak resolution R 662kev defined as the width (FWHM) over the peak position of the 662 keV γ peak and R n of the neutron peak are also compiled in Table 1 . CLYC:Ce For CLYC:Ce 3+ 0.5% , the thermal neutron peak appears at ~4.6 times higher energy than the 662 keV γ peak. It corresponds with 70,000 ph/n. 2 For CLLBC:Ce 3+ 0.5% the thermal neutron peak is situated at ~5.5 times higher energy than the 0.662 MeV γ peak. It corresponds with an even higher photon yield of 180,000 ph/n.
The γ-equivalent factor F γ can be defined as
where GEE γ (4.78) is the γ-equivalent energy of the neutron peak when 4.78 MeV energy is deposited in the scintillator.
2
F γ for CLLBC:Ce 3+ 0.5% is higher than for CLYC:Ce 3+ 0.5% (see Table 1 ). Thermal neutrons from reaction (1) can be distinguished from γ rays by placing a threshold in the pulse height spectrum. For example, placing the threshold at 4.78 × (F γ − R n ) = 3.0 or 3.4 MeV for, respectively, CLYC:Ce 3+ 0.5% and CLLBC:Ce 3+ 0.5% , one still accepts more than 98% of the neutron events while minimizing acceptance of γ events. 0.5% has a slightly poorer ph/n yield and F γ than CLLBC:Ce 3+ 0.5% , and its response is also slower. However, PSD between neutrons and γ rays is possible using the CVL under γ-ray excitation with the CLYC:Ce 3+ 0.5% . 2 It has been suggested that the chlorine and lithium reactions may be exploited to distinguish fast from thermal neutrons in the elpasolite detector with both materials. 30 A measure of the success for our investigation is the n/γ discrimination record. Ultimately, in this study, a detector that can distinguish neutrons as well as gammas is sought. Techniques have been well established for doing this with elpasolites. 35, 36 The reported value for neutron false positives per gammas of 1 per 1000 for the CLYC 10 is not astonishing, yet it is an excellent start. The other metrics reported in Table 1 for the n/γ discrimination are not standard, yet they are relevant metrics for providing a sense of the light yield, gain, and relative placement of the thermal neutron peak in the γ spectrum. Of interest as the technology develops is that the values in this table for some of the metrics seem to evolve or improve over the course of time. We have a newly measured figure of merit (FOM) for n/γ discrimination for the CLYC detectors using PSD alone. We measured at the Remote Sensing Laboratory (RSL) and the University of Nevada, Las Vegas (UNLV) a FOM of 2.3 and 1.73 (see Figure 10) 
This phase of the project contained a couple of new features in the technology development:
1) This version includes the idea of doing both neutron and γ directionality using only three detectors in the array (in 2012 we outlined a system using four detectors 37 ). This reduces the hardware and size requirement by 25%.
While we believe others are looking at doing this function using three γ detectors for γ rays, we are unaware of anyone trying this for neutron directional detection.
2) This version includes the idea of adding chlorine to the elpasolite mixture. The chlorine is more sensitive to energetic fast neutrons, which one may view as behaving more like γ rays than do slow neutrons. It is this new and unique idea of adding a substance tuned to fast neutrons that makes more likely the ability to perform neutron directional detection, something many believe is nearly impossible to do because of the billiard-ball behavior of slow neutrons. Chlorine is over two times more effective in sensing (capturing) fast neutrons than are 3 He, 6 Li, or other chemicals often used by RSL and others because of their extremely effective and high ability to absorb slow neutrons (see Figure 2 ). Chlorine has a higher fast neutron cross section than either of 6 Li or 10 B (see Figure 2 ).
MODELING AND SIMULATION
The thermal neutron induced γ-ray spectrum in the 3″∅ ×3″L detector cell of CLLBC with the natural-abundance lithium is shown in Figure 11 . The 478 keV photon peak due to the 7 Li(n,n'γ) and 6 Li(n,γ) reactions for elpasolite detectors with lithium can be observed in the spectral distribution. Figure 11 . Thermal neutron induced γ rays in the 3″ × 3″ CLLBC.
SUMMARY
Results are summarized in Tables 1 and 2 . We found photon yields for CLLBC:Ce 3+ 0.5% of ~ 50,000 ph/MeV under γ irradiation and ~180,000 ph/n. In that respect, CLLBC:Ce 3+ 0.5% has better light yield than the well-known scintillator for neutron detection, LiI:Eu 2+ (51,000 ph/n), 12, 26 and is even higher than for the best current neutron detector, LiF/ZnS:Ag + (160,000 ph/n). 12, 26 Note that the maximum emission wavelength (419 nm) slightly exceeds by 5% the maximum sensitivity of the super bialkali photomultiplier tubes. Thanks to a large difference in light yields depending on the type of excitation (γ or neutron), CLLBC:Ce 3+ 0.5% may be used simultaneously for neutron and for γ detection based on a simple amplitude differentiation. Furthermore, one may distinguish γ rays from neutrons by PSD because the time profiles are so different. CLLBC:Ce 3+ 0.5% does enable very fast counting rates as a neutron detector. The decay is characterized by τ = 300 ns, which makes CLLBC:Ce 3+ 0.5% competitive with LiI:Eu (decay time of 1.2 ms) 12, 28 or LiF/ZnS:Ag + for which the pulse pair resolution is ~ 2 ms. 12, 38 However, it should be noted that the absorption length of 1.8 A˚ neutrons in 6 Li enriched compounds is 3 mm. This may be long for certain applications. 12 The radiation detection hardware and the data analysis software for the experiments have been set up and tested. The Monte Carlo simulations of the thermal neutron induced photons within the volume of the CLYC and CLLBC elpasolite detectors have been carried out. The preliminary experiments with the 1″ × 1″ CLYC:Ce 3+ 0.5% and a 1 cc CLLBC:Ce 3+ 0.5% sample have been carried out. The energy resolution achieved with the CLYC detector with the γ-ray sources is the following: ~5% FWHM @ 662 keV, 3.86% FWHM @ 1173 keV, and 3.6% FWHM @ 1332 keV. The energy resolution achieved with the CLLBC detector with the γ-ray sources is the following: ~4% FWHM @ 662 keV, 4% FWHM @ 1173 keV, and 4.8% FWHM @ 1332 keV. The preliminary PSD experiments with CLLBC using the 241 AmBe source have been performed. Currently, these measurements are in progress to determine the optimal PSD parameters. Elpasolites can be used in PHD mode to do n/γ discrimination (limited by neutron peak). Elpasolites can also be used in PSD mode to do n/γ discrimination. Elpasolites have good energy resolution for γ rays. Additionally, we have determined specifications of the first detector for a directional detector array. We have determined to use a CLYC with 0.5% Ce 3+ doping content. We have started MCNPX calculations in order to characterize the directional detector array response. We have also determined the material content to use as a hybrid CLLBC for improved sensitivity to a broader energy range of neutrons.
